Clinical evidences suggest a causal relationship between rheumatoid arthritis (RA) and the dopaminergic system, and several studies described an alteration of the disease in patients treated with dopaminergic agents. Despite these interesting results, potential direct effects of dopamine on RA have not been intensively considered until the last decade. Recent studies confirm a direct effect of dopamine on the systemic immune response as well as on bone remodeling and on joint inflammation, both in humans and in different animal models of arthritis. While more research is necessary to accurately determine the effect of dopamine in RA, these results are encouraging and support a possible use of dopaminergic drugs for the treatment of arthritis in the future. Moreover, they point out that dopaminergic agents use to treat comorbidities, might influence the immune response and the disease progression in RA patients. This review summarizes the current knowledge about the effects of dopaminergic drugs on RA and describes the potential of dopaminergic drugs as future therapeutic strategy in arthritis.
Introduction
Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic joint inflammation, articular bone erosion and consequently joint destruction that can lead to complete loss of function (Smolen et al. 2018) . Joint inflammation in RA affects multiple sites of the human organism causing widespread pain. The subsequent joint destruction can lead to severe disability affecting all aspects of motor function, from walking to fine movements of the hand (In. Rheumatoid Arthritis: National Clinical Guideline for Management and Treatment in Adults. London 2009). Moreover, RA is not just a disease of the joints but can affect many other organs and cause, for instance, systemic and localized osteoporosis (Dubrovsky et al. 2018) , vasculitis and cardiovascular diseases (Romano et al. 2018) , and lung fibrosis (Paulin et al. 2017) , thus leading to an increased risk of mortality.
Clinical evidences suggest an involvement of the dopaminergic system in RA. For instance, in schizophrenia patients, treated with dopamine receptor (DR) antagonists, the incidence of RA is substantially lower than in the general population (Sellgren et al. 2014; Baldwin 1979) . A possible interplay between RA and Parkinson's disease was also hypothesized, even though the results are controversial (Sung et al. 2016; Bes et al. 2014 ). In addition, RA patients often develop restless leg syndrome (Hening and Caivano 2008) , a neurological dysfunction of the dopaminergic system. These findings support the hypothesis of a causal relationship between RA and the dopaminergic system. However, a potential impact of dopaminergic agents in RA patients has been insufficiently investigated so far.
Dopamine Receptors and Dopaminergic Signaling
Dopamine is a neurotransmitter of the central nervous system controlling movement, emotion, cognition, and neuroendocrine interactions. Dopamine acts on five different dopamine receptors (DR) belonging to the 7-transmembrane, G proteincoupled receptor (GPCR)-family, which are grouped into 2 families: the D1-like dopamine receptors, D1-and D5-DR, which activate adenylate cyclase, and the D2-like dopamine receptors D2-, D3-, and D4-DR, which inhibit adenylate cyclase (Beaulieu and Gainetdinov 2011) . Apart from the canonical regulation of cAMP, several studies have shown that DR can also regulate a variety of alternate signaling pathways, such as alternate G protein coupling or non-G protein mechanisms (summarized in (Beaulieu et al. 2015) ). A further complexity is the existence of receptor heteromers. It is described that D1-like DR can form heteromers with D2-like DR, and that DR can also form heteromers with several other receptors, such as other GPCRs and with ionotropic receptors (Perreault et al. 2014) . The heteromerization confers to the receptor complex a different signaling mechanism compared to the ones activated by the two receptors individually (summarized in (Perreault et al. 2014) ). The receptor complex and the intracellular signaling pathway can vary in different organs and cells. This could explain the contradictory results obtained in many studies where single dopamine receptors and specific ligands were investigated. Despite the large complexity added by this new knowledge, future pharmacological strategies could profit from the possibility to target specific receptor heteromers.
Role of the Dopaminergic Pathway on the Immune Response
Dopamine can modulate the immune system either indirectly, via the modulation of prolactin release, or directly, via binding of dopaminergic receptors on immune cells. In the central nervous system, dopamine can effectively inhibit the release of the peptide hormone prolactin (Borba et al. 2018) . Prolactin can bind to its receptor on immune cells and modulates their function (Borba et al. 2018; Buckley 2001; Savino 2017) . For instance, prolactin promotes T cell maturation (Carreno et al. 2005) and modulates CD4+ T cell response in a dosedependent manner (Tomio et al. 2008) . Moreover, prolactin can decrease the threshold for B cell activation and increase antibody production, thus promoting autoimmunity (Saha et al. 2009; Peeva and Zouali 2005) . In RA, prolactin is increased in the serum and in the synovial fluid, and is responsible for the activation of synovial macrophages (Fojtikova et al. 2010 ; Abstracts from the European Workshop for Rheumatology Research 2014). Due to its inhibitory effect on prolactin production, one would expect an antiinflammatory effect of dopamine via inhibition of prolactin. However, treatment with the dopaminergic agonist bromocriptine shows contradictory results (see below), probably due to the fact that prolactin can be also produced in the periphery by immune cells, and this peripheral prolactin synthesis seems to be differently regulated compared to the pituitary gland (Salesi et al. 2013; McMurray 2001) .
Besides the indirect effects of dopamine on the immune system via prolactin, dopamine can also directly modulate the immune system, as immune cells express dopaminergic receptors (DR) . Experimental evidences have demonstrated that human immune cells express almost all DR (recently summarized in (Arreola et al. 2016) ). Among all leukocytes, T cells and monocytes have the lowest DR expression whereas B cells and NK cells have a higher DR expression. Human NK cells express D2-D5DR and lack D1DR (McKenna et al. 2002; Mikulak et al. 2014) . Mikulak et al. (Mikulak et al. 2014) reported that dopamine modulates cell function of IL-2-pre-activated NK cells, leading to a dose-dependent reduction of cell proliferation and IFN-α secretion. Human B cells express all DR (McKenna et al. 2002; Ferrari et al. 2004; Meredith et al. 2006) . Germinal centre and memory B cells abundantly express D1DR, D3DR and D5DR, and stimulation of dopaminergic receptors results in the differentiation of B cell to plasma cells and a rapid translocation of ICOSL to the cell membrane, thus maximizing T-B cell interaction in the germinal centre (Papa et al. 2017) . Of interest, these mechanisms are not conserved between mice and humans (Papa et al. 2017) . The required dopamine is released by T follicular helper cells, thus confirming that non-neuronal cells can use dopaminergic pathways independent from the central nervous system (Papa et al. 2017) .
The expression of DR in human T cells is very well described (for recent summary, see (Arreola et al. 2016; Levite 2016) ). Dopamine usually activates resting human T cells and inhibits activated T cells. However, the effects of dopamine on T cells can be very different and even opposite, depending on the activation state of the cells, the concentration of dopamine and the DR bound by dopamine on the cells (Levite 2016) .
Human monocytes show a high expression of D2DR and D3DR, and lower expression of D4DR and D5DR (McKenna et al. 2002) . Activation of DR in human monocytes dosedependently modulates cell proliferation and LPS-mediated activation of NF-kB signaling (Bergquist et al. 2000) , and DR activation in human macrophages dose-dependently modulates the secretion of cytokines (Gaskill et al. 2012) . The dose-dependent differences of dopamine effects and the discordant results between activated and non-activated cells suggest that dopamine may have different roles in the physiologic and pathologic environment.
Of interest, non-neuronal cells are also able to synthesize dopamine by themselves and to use it for autocrine and paracrine modulation of cell function (Beaulieu and Gainetdinov 2011; Papa et al. 2017; Capellino et al. 2010; Cosentino et al. 2007; Qiu et al. 2004; Jiang et al. 2006; Cosentino et al. 2002; Bergquist et al. 1994; Marino et al. 1999) .
In summary, immune cells can be modulated by dopamine because they express DR. The precise effects of the dopaminergic receptors are sometimes controversial. This could be due to the fact that the dopaminergic compounds used in the cited studies have different binding affinities to the DR, as summarized in Table 1 , or it could be due to the presence of different DR heteromers with different intracellular pathways compared to single DR, as described above (Perreault et al. (McMurray 2001) and that is present at high concentration in the serum and synovial fluid of RA patients (Borba et al. 2018; Fojtikova et al. 2010) . In these studies, the effect of dopaminergic agonists on the inflammatory process was supposed to be indirect and mediated by prolactin. However, the results of the studies were not congruent (see Table 2 ). Cabergoline, a D2-like agonist, showed a drastic improvement of the disease parameters in two studies, but in a very limited amount of patients (Mobini et al. 2011; Erb et al. 2001) . Bromocriptine, another D2-like agonist, was used in several studies, with contradictory results (McMurray 2001). Figueroa et al. described an improvement of the clinical parameters in RA patients after bromocriptine treatments (Figueroa et al. 1997) , whereas Mader described an improvement only in some of the patients (Mader 1997 ). Dougados et al. hypothesized that reducing the prolactin level via bromocriptine could have a synergistic effect on the immunosuppressive capacity of cyclosporine A (CsA), but they found that in five out of six patients the addition of bromocriptine did not potentiate the anti-inflammatory effect of the CsA therapy, nor reduced the required dosis of CsA (Dougados et al. 1988) . A study from Eijsbouts et al. described the treatment of 9 RA patients with quinagolide, another D2-agonist (Eijsbouts et al. 1999) , and observed no beneficial effects.
In general, these studies were intended as pilot studies and included a limited number of patients, therefore it is difficult to make any conclusive statement. Moreover, it is difficult to compare studies using different dopaminergic drugs, as they have diverse affinity to DRs and sometimes they can also bind other receptors, thus causing also non-dopaminergic effects, as summarized in Table 1 . In general, one can conclude that the modulation of dopamine pathway seems to modulate disease parameters in RA.
Within the last decades, it became clear that DR are also expressed in immune cells and synovial cells in RA, as outlined below. It is therefore plausible that the above-described effects of D2-agonists in RA were also due to a direct interaction of the drugs with immune cells and synovial cells and not solely because of the antagonizing effect on prolactin.
Involvement of the Dopaminergic System in RA Patients: Experimental Evidences
Besides the clinical evidences, an involvement of dopamine in RA was also described in vitro (see Table 3 ). For instance, in RA patients a local, high concentration of dopamine was measured in the synovial fluid ) and it was demonstrated that synovial cells are able to produce and release dopamine (Capellino et al. 2010) , thus suggesting that the dopaminergic pathway might represent a non-canonical mechanism in the modulation of local joint inflammation. In a previous RA patients (n = 9)
No beneficial effects of quinagolide on RA study, we could demonstrate that the number of synovial fibroblasts positive for DR was significantly higher in RA compared to osteoarthritis (OA) patients, and the activation of DR via dopamine led to a reduction of IL-6 and IL-8 release from synovial fibroblasts in RA patients not treated with any disease modifying antirheumatic drug (DMARD) (Capellino et al. 2014) . The treatment of mixed synovial cells with reserpine, which induces a rapid release of the stored dopamine (together with noradrenaline) from the cells, led to a strong inhibition of TNF release in RA patients (Capellino et al. 2010) . D2-like DR were described also on B cells in the synovium of RA patients and in mast cells in the synovial fluid. The amount of D2DR + B cells in the synovial tissue was higher in RA compared to OA (Wei et al. 2016) , whereas the number of D3DR + mast cells was negatively correlated to disease severity in RA (Xue et al. 2018) . Unfortunately, the effect of D2-like DR activation in these cells was not investigated. In the blood, the amount of D2DR + B cells positively correlates with TNF levels in RA, thus suggesting an involvement of D2DR + B cells also on systemic inflammation (Wei et al. 2016) . Taken together, these results suggest that the dopaminergic pathway is involved in RA and is able to modulate the local as well as the systemic inflammation. However, given the current data it is difficult to assign a definite proinflammatory or an anti-inflammatory role for dopamine in RA. More detailed analysis of dopaminemodulated pathways in immune cells and synovial cells during arthritis are still required. Moreover, it was demonstrated that G protein coupled receptors such as DR can switch from Gαs to Gαi signaling during chronic inflammation in RA synovium (Jenei-Lanzl et al. 2015) . Therefore, one can assume that the effects of DR activation on arthritis could vary during the disease. Thus, disease duration and disease activity should be taken under consideration to better interpret the results of dopaminergic effects in arthritis.
Dopaminergic Agents in Animal Models of Arthritis
A potential direct role of dopamine was investigated in several in vivo and in vitro studies in animal models of arthritis (Table 4) . D2-like receptor activation led to reduced cartilage destruction and synovial hyperplasia in SCID mice engrafted with human synovium as well as in the collagen-induced arthritis (CIA) mouse model (Lu et al. 2015) . Also, Drd2 (−/−) mice manifested a more severe CIA compared to wild-type mice (Lu et al. 2015) . In vitro, the stimulation of D2-like DR had anti-inflammatory effects on lymphocytes from CIA mice (Lu et al. 2015) . Besides the effects on inflammation, D2DR seem to be involved also in nociception in mice (Robledo-Gonzalez et al. 2017) . In rats, the role of D2-like DR is controversial. The blockade of D2-like DR in the CIA model reduced the amount of proinflammatory biomarkers, thus suggesting a proinflammatory role of D2-like DR (Fahmy Wahba et al. 2015) . In contrast, the treatment with pergolide, a DR agonist with higher affinity to D2-like than to D1-like DR, led to anti-inflammatory effects in the carrageenan-induced arthritis model (Bendele et al. 1991) .
The in vivo D1-like DR blockade showed proinflammatory effects on arthritis in mice ; Nakashioya et al. 2011). In vitro, blockade of D1-like DR led to reduced osteoclast differentiation in CIA mice, but no alteration of inflammatory cytokines was observed (Nakashioya et al. 2011) .
Due to the effects of dopaminergic drugs on the immune system, drugs used for the treatment of Parkinson can also alter arthritis onset and progression, as recently described by Zhu et al. (Zhu et al. 2017) . In this study, Zhu et al. investigated the effect of carbidopa, a drug able to block the conversion of levodopa to dopamine in the periphery and therefore used in combination with levodopa in Parkinson's patients. Their results showed that the intake of carbidopa decreased joint inflammation and arthritis score in CIA mice (Zhu et al. 2017) .
Taken together, knowledge from animal studies strongly corroborate the hypothesis that dopaminergic drugs could be beneficial to treat arthritis. However, some crucial points remain to be clarified. For example, it has not been fully elucidated if the dopaminergic drugs have any neurological side effects on the animals if administered systemically. Moreover, it is difficult to compare results from different animal models of arthritis and using different drugs acting on the different classes of DR. More detailed studies will be required to better determine the mechanisms of action of the dopaminergic pathway in arthritis in vivo, but the current results are already very promising and suggest a new therapeutic option for arthritis.
Future Perspectives for Dopaminergic Drugs in Rheumatoid Arthritis
Current results suggest a direct involvement of the dopaminergic pathway on the immune response in rheumatoid arthritis. Therefore, the use of dopaminergic drugs could represent a promising alternative therapeutic strategy in arthritis patients. However, there are still several issues that need clarification prior assigning the role of the Bbad guy^or the role of the Bgood one^to specific DR in RA. For instance, it is necessary to determine the signaling pathway involved in DR activation in immune cells and in synovial cells during arthritis, and investigate if specific DR always act proinflammatory (or anti-inflammatory) or if they can switch their intracellular signaling due to the chronic inflammation or due to the formation of receptor heteromers (Perreault et al. 2014; Jenei-Lanzl et al. 2015) . If this were the case, it would be necessary to determine how the disease stage correlates with the effect of specific DR. Moreover, due to possible side effects on the central nervous system, a cell-(or tissue-) targeted modulation of DR would be preferable, but its efficacy still needs to be investigated. Another crucial point is the possible interactions of DMARD and dopaminergic drugs. Indeed, in patients affected by multiple sclerosis it is described that the treatment with IFN-beta leads to the loss of function of dopamine on T cells (Cosentino et al. 2012) , and it is plausible that such alterations of the dopaminergic pathways could also occur in RA patients treated with DMARD. Therefore, a possible influence of the therapy with DMARD on dopamine-related immune response needs to be addressed in the future.
In summary, the current knowledge is encouraging and supports fascinating future possibilities for the use of dopaminergic drugs for treating arthritis, after more intensive research on this topic. Nevertheless, clinicians should already now be aware of a probable influence of dopamine on the immune response in arthritis when treating RA patients with dopaminergic drugs due to comorbidities, and possible unexpected effects on the immune system and on disease progression should be carefully monitored.
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